Faserverteilung und Muskelfaserspezifische glykolytische und oxidative Enzymaktivität im Skelettmuskel von Patienten mit Typ 2 Diabetes by Oberbach, Andreas
 Faserverteilung und Muskelfaserspezifische glykolytische und oxidative 
Enzymaktivität im Skelettmuskel von Patienten mit Typ 2 Diabetes 
 
Dissertation 
zur Erlangung des akademischen Grades 
Dr. med. 
 
an der Medizinischen Fakultät 
der Universität Leipzig 
 
 
eingereicht von:  Dr. rer. biol. hum. Andreas Oberbach MPH 
geb. am:  04.08.1969 in Leipzig 
 
 
angefertigt an der: Medizinische Klinik III 
   Klinik und Poliklinik für Endokrinologie und Nephrologie 
   Universität Leipzig 
   Liebigstrasse 18  
   04103 Leipzig 
   Direktor: Prof. Dr. Michael Stumvoll 
 
Betreuer:  Prof. Dr. Matthias Blüher 
PD Dr. habil. Karla Punkt 
    
Beschluss über die Verleihung des Doktorgrades vom:  18.01.2011 
Danksagung 
Ich bedanke mich herzlich bei allen Patientinnen und Patienten die bereit waren, am 
Untersuchungsmarathon teilzunehmen. Mein besonderer Dank gilt allen Koautoren, 
insbesondere Herrn Prof. Dr. med. Blüher sowie Frau PD. Dr. rer. nat. Punkt  für die 
wertvolle Unterstützung und hilfreichen Anregungen. 
  
Bibliographische Beschreibung 
Dr. rer. biol. hum. Andreas Oberbach MPH 
Faserverteilung und Muskelfaserspezifische glykolytische und oxidative 
Enzymaktivität im Skelettmuskel von Patienten mit Typ 2 Diabetes 
Universität Leipzig, Kumulative Dissertation, Mai 2010  
23 Seiten, 30 Literaturangaben, 4 Anlagen. 
 
Referat 
Mittels immunhistochemischer- und zyto-fotometrischer Verfahren wurden die 
Änderungen der glykolytischen und der oxidativen Enzymkapazität im Skelettmuskel 
von Patienten mit T2DM mit der Muskelfasercharakteristik untersucht. 
Weiterführende Analysen klären den Zusammenhang zwischen der Änderung der 
Muskelfaserverteilung und der Enzymkapazität.  
Durch eine perkutane Biopsie des M. vastus lateralis wurden 10 Patienten mit T2DM 
und 15 Gesunden Probanden Muskelgewebe extrahiert. In der anschließenden 
Zytophotometrie erfolgte die Bestimmung der glykolytischen und oxidativen 
Enzymaktivität in Abhängigkeit der Fasercharakteristik nach  SO, FOG und FT-Fasern. 
Die Untersuchung verdeutlichte eine Verminderung der oxidativen Enzymaktivität des 
M. vastus lateralis im Homogenat bei bestehenden T2DM mit gleichzeitiger 
Verringerung der SO- Muskelfasern um 16 Prozent und Erhöhung der FT- Muskelfasern 
um 49 Prozent im Vergleich zur Kontrollpopulation. Bei T2DM ist sowohl die oxidative 
als auch die glykolytische Enzymaktivität in den FG-Fasern als auch in den  FOG-
Mischfasern signifikant erhöht. 
Zusammenfassend weisen unsere Ergebnisse darauf hin, dass die geringere oxidative 
Enzymaktivität im Homogenat des Skelettmuskel von Patienten mit T2DM vielmehr 
durch einen verminderten Anteil von SO-Fasern als durch verminderte oxidative 
Aktivität in einzelnen Fasern verursacht ist. Die erhöhte glykolytische und oxidative 
Enzymaktivität in einzelnen Muskelfasern korreliert mit dem Maß langfristiger BZ-
Homöostase und der Insulinempfindlichkeit. Diese Adaptation der Skelettmuskulatur 
könnte einen kompensatorischen Mechanismus bezüglich des pathologischen 
Glukosestoffwechsels des T2DM darstellen. 
Inhaltsverzeichnis 
1.         Zusammenfassung der Arbeiten 
1.1 Hintergrund und Ziel der Arbeit 
1.2 Studiendesign und Methoden 
1.3 Ergebnisse 
1.3.1 Bestimmung der Faserzusammensetzung und der metabolischen 
Enzymaktivität des M. vastus lateralis bei Typ 2 Diabetes mellitus 
1.3.2 Zusammenhang zwischen den Parametern der Hyperglykämie und der 
Insulinresistenz mit der faserspezifischen Stoffwechselaktivität des M. vastus 
lateralis bei Typ 2 Diabetes mellitus 
1.3.3 Die Stickstoffoxid-Synthase-Aktivität der Skelettmuskelfasern des Typ 2 
Diabetes mellitus 
1.4 Schlussfolgerungen 
1.5 Literaturverzeichnis 
2. Publikationen 
2.1 Altered Fiber Distribution and Fiber-Specific Glycolytic and Oxidative Enzyme 
Activity in Skeletal Muscle of Patients With Type 2 Diabetes 
2.2 Metabolic profile and nitric oxide synthase expression of skeletal muscle fibers 
are affected by type 1 and type 2 diabetes 
3.  Erklärung über die eigenständige Abfassung der Arbeit 
 Anhang 
  
Abkürzungsverzeichnis 
ATPase  Adenosintriphosphatase    
BMI   Body Mass Index (Körper Maß Index) 
BZ   Blutzucker 
Clamp-Test  euglykämischer (hyperinsulinämischer) Clamp-Test 
DEXA-Scan  Dual-Energy X-Ray Absorptiometry 
FOG-Faser  fast oxidative glycolytic fiber 
FPI   fasting plasma Insulin (Nüchtern Plasma Insulin) 
FPG   fasting plasma glucose (Nüchtern Plasma Glukose) 
FT-Faser  fast twitch fiber 
GIR   glucose infusion rate 
HbA1c   Glykohämoglobin 
M.   Musculus 
NGT   Normal Glucose Tolerance (Normale Glukosetoleranz) 
NOS   nitric oxide synthase 
NOS 1   Nitric oxide synthase 1 (neuronal, nNOS) 
NOS 2   Nitric oxide synthase 2 (Inducible, iNOS) 
NOS 3   Nitric oxide synthase 2 (endothelial, eNOS) 
OGTT   Oraler Glukose Toleranz Test 
SDH-Aktivität  Succinat-Dehydrogenase 
GAPDH-Aktivität Glycerinaldehyd-3-phosphat-Dehydrogenase 
SO-Fasern  slow oxidative fiber 
ST-Fasern  slow twitch fiber 
T1DM   Typ 1 Diabetes mellitus 
T2DM   Typ 2 Diabetes mellitus 
WHR   Waist Hip Ratio (Quotient aus Taille Hüftumfang) 
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Der T2DM wird von einer Kombination aus Insulinresistenz und eine unzulängliche 
Betazellantwort mit temporärer Hyperinsulinämie verursacht. Eine Vielzahl von 
peripheren Geweben einschließlich Skelettmuskulatur, Hepatozyten und Adipozyten 
sind integrativer Bestandteil der Pathophysiologie des T2DM. Somit ist ein Defekt des 
Insulin-Signalweges in der Skelettmuskulatur ein entscheidender Faktor in der 
Entstehung einer Insulinresistenz und des T2DM. Diese Pathophysiologie des 
Muskelstoffwechsels wird durch spezifische Anpassungsmechanismen charakterisiert. 
Der humane Skelettmuskel ist inhomogen in seiner metabolischen und physiologischen 
Faserzusammensetzung. Die Charakterisierung der Muskelfaserzellen kann sowohl auf 
physiologischen Eigenschaften in ST- und FT-Fasern basieren, als auch durch die 
vorrangige biochemische Stoffwechselaktivität als oxidativ, glykolytisch oder gemischt 
oxidativ-glykolytisch determiniert werden. Basierend auf diesen Erkenntnissen 
variieren die Ergebnisse des Muskelhomogenats in Abhängigkeit der 
Faserzusammensetzung. Es wird jedoch noch immer nicht vollständig verstanden, ob 
Stoffwechseländerungen im Skelettmuskel von Patienten mit chronischer 
Hyperglykämie und/oder verminderte Insulinempfindlichkeit im Zusammenhang 
stehen, und ob ein vermehrtes Verhältnis von glykolytischen zu oxidativen 
Muskelfasern in erster Linie durch eine reduzierte Anzahl von SO-Fasern verursacht 
wird.  
Wissenschaftliche Fragestellungen: Die vorliegenden Studien prüfen, ob Änderungen 
der glykolytischen und oxidativen Enzymkapazität im Skelettmuskel von Patienten mit 
T2DM mit Änderungen in der Muskelfaserverteilung verbunden sind.  Von besonderem 
klinischem Interesse ist die Aufdeckung von Zusammenhängen zwischen den 
Parametern der Hyperglykämie (FPG, FPI, HbA1c) und der Insulinresistenz (GIR) mit 
den morphologischen Determinanten der Faserverteilung und der faserspezifischen 
Stoffwechselaktivität. Einige Autoren verweisen auf den Zusammenhang zwischen NOS 
und der Modulation des oxidativen Metabolismus im Skelettmuskels sowie der 
Regulierung der Glukoseaufnahme in die Muskelzelle. In einer weiterführenden 
Untersuchung  wurde die NOS-Aktivität der Skelettmuskelfasern des T2DM erfasst.  
Methode: Durch eine perkutane Biopsie des M. vastus lateralis wurden Patienten mit 
T1DM, T2DM und gesunden Probanden Muskelgewebe extrahiert. In der 
anschließenden Zytophotometrie erfolgte die Bestimmung der glykolytischen und 
oxidativen Enzymaktivität in Abhängigkeit der Fasercharakteristik nach  SO, FOG und 
FT-Fasern mittels indirekter Bestimmung der SDH- und GAPDH-Aktivität. Die 
Bestimmung der NOS 1-3 erfolgte immunhistochemisch und im Muskelhomogenat 
mittels Western-Blot. 
Ergebnisse: Die Untersuchungen belegen eine Verminderung der oxidativen 
Enzymaktivität im Homogenat des M. vastus lateralis bei bestehenden T2DM mit 
gleichzeitiger Verringerung der SO- Muskelfasern um 16 Prozent und Erhöhung der FT- 
Muskelfasern um 49 Prozent im Vergleich zur Kontrollpopulation. Maßgeblich für 
diesen Effekt, ist die Faserverteilung zu Gunsten der glykolytischen Muskelfasern und 
nicht eine reale Verminderung der oxidativen Enzymaktivität einzelner Muskelfasern. 
Bei T2DM ist sowohl die oxidative als auch die glykolytische Enzymaktivität in den FG-
Fasern als auch in den  FOG-Mischfasern signifikant erhöht. Die erhöhte glykolytische 
und oxidative Enzymaktivität in einzelnen Muskelfasern korreliert mit dem Maß 
langfristiger BZ-Homöostase und der Insulinempfindlichkeit.  
Durch zytophotometrische Bestimmung der ATPase Aktivität ist es möglich die 
Muskelkontraktilität näher zu charakterisieren. Sowohl die Typ I- als auch die Typ II- 
Muskelfasern weisen eine verminderte Kontraktilität im diabetischen Skelettmuskel 
auf. Insbesondere die Determinanten der Hyperglykämie und der Insulinresistenz 
belegen einen negativen Zusammenhang mit der Muskelkontraktilität in Patienten mit 
T2DM. Weiterführende Betrachtungen konnten einen signifikanten Zusammenhang 
zwischen der SDH-Aktivität in den SO-Fasern, FOG I- und FOG II- Fasern mit dem HbA1c 
und der GIR als Parameter der Insulinresistenz aufdecken. Die spezifischen 
metabolischen Anpassungsmechanismen in der Muskulatur von T1DM identifizierten 
die chronische Hyperglykämie als einen möglichen kausalen Faktor für eine erhöhte 
glykolytische Enzymaktivität. Eine Änderung des Metabolismus von Patienten mit 
T1DM offenbart sich auch in einer Abweichungen der NOS-Aktivität im Skelettmuskel. 
Eigene Untersuchungen verdeutlichen keinen Unterschied im Expressionsmuster der 
NOS 1-3 zwischen den Patienten mit T2DM und einem gesunden Probandenkollektiv. 
Die Abnahme um 13,5 Prozent der NOS-positiven FOG-Fasern im T1DM-Muskel scheint 
der vorherrschende Grund zu verminderter NOS Proteinkonzentration im T1DM bei 
bestehender Hyperglykämie zu sein. 
Fazit: Die Adaptation der Skelettmuskulatur des T2DM wird spezifisch durch die 
chronische Hyperglykämie und die Insulinresistenz im Sinne eines kompensatorischen 
Mechanismus ausgelöst. 
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1.1 Hintergrund und Ziel der Arbeit 
T2DM nimmt weltweit mit endemischen Charakter zu und ist sowohl mit mikro- als 
auch makrovaskulären Komplikationen verbunden (30). Der T2DM wird von einer 
Kombination aus Insulinresistenz und einer unzulänglichen Betazellantwort mit 
temporärer Hyperinsulinämie verursacht. Eine Vielzahl von peripheren Geweben 
einschließlich Skelettmuskulatur, Hepatozyten und Adipozyten sind integrativer 
Bestandteil der Pathophysiologie des T2DM (11, 25). 
Die Skelettmuskulatur trägt mit ca. 80% Glukoseaufnahme wesentlich zur 
physiologischen Glukosehomöostase bei (3, 29). Somit ist ein Defekt des Insulin-
Signalweges in der Skelettmuskulatur ein entscheidender Faktor in der Entstehung 
einer Insulinresistenz und des T2DM (9).  
Humaner Skelettmuskel ist inhomogen in seiner metabolischen und physiologischen 
Faserzusammensetzung (21). Die Identifikation der Muskelfaserzellen kann sowohl auf 
physiologischen Charaktereigenschaften in slow- und fast twitch basieren (20), als auch 
durch die vorrangige biochemische Stoffwechselaktivität als oxidativ, glykolytisch oder 
gemischt oxidativ-glykolytisch determiniert werden (18). Basierend auf diesen 
Erkenntnissen variieren die Ergebnisse des Muskelhomogenats in Abhängigkeit der 
Faserzusammensetzung.  
Einige Autoren verweisen auf den Zusammenhang zwischen chronischer 
Hyperglykämie sowie Insulinresistenz mit der Skelettmuskelfaserverteilung (15, 12), 
einem verminderten Prozentsatz langsam oxidativer Typ I Fasern (5) und reduzierter 
oxidativer Enzymkapazität (16,  7).  
Es wird jedoch nicht vollständig verstanden, ob Stoffwechseländerungen im 
Skelettmuskel von Patienten mit chronischer Hyperglykämie und/oder verminderter 
Insulinempfindlichkeit im Zusammenhang stehen, und ob ein vermehrtes Verhältnis 
glykolytischen zu oxidativen Muskelfasern in erster Linie durch eine reduzierte Anzahl 
von SO-Fasern verursacht wird. 
 
Die vorliegenden Studien untersuchten, ob Änderungen der glykolytischen und 
oxidativen Enzymkapazität im Skelettmuskel von Patienten mit T2DM mit Änderungen 
in der Muskelfaserverteilung verbunden sind. 
Ferner wurde geprüft, ob dieser mögliche Effekt von der Fasercharakteristik 
determiniert wird. 
Von besonderem klinischem Interesse ist die Aufdeckung der Zusammenhänge 
zwischen den Parametern der Hyperglykämie (FPG, FPI, HbA1c) sowie der 
Insulinresistenz (GIR) mit den morphologischen Determinanten der Faserverteilung 
und der faserspezifischen Stoffwechselaktivität. 
Unter Anwendung  immunhistochemischer und zytofotometrischer Verfahren wurde 
geprüft, ob die Änderungen der glykolytischen und der oxidativen Enzymkapazität im 
Skelettmuskel des M. vastus lateralis von Patienten mit T2DM mit der 
Muskelfasercharakteristik verbunden ist. Weiterführende Untersuchungen betrachten 
den Zusammenhang zwischen der Änderung der Muskelfaserverteilung und der 
Enzymaktivität. Auch der Einfluss der langfristigen BZ-Homöostase und der 
Insulinempfindlichkeit auf die glykolytische und oxidative Enzymaktivität soll einer 
Klärung zugeführt werden. Sowohl die glykolytische und oxidative Enzymkapazität, als 
auch die NOS-Expression wird im Modell der chronischen Hyperglykämie (T1DM) mit 
einem gesunden Probandenkollektiv verglichen. 
 
1.2 Studiendesign und Methoden 
In der Studie 1 wurde durch eine perkutane Biopsie des M. vastus lateralis von 10 
Patienten mit T2DM (4 männliche und 6 weibliche) und 15 Gesunden Probanden (8 
männliche und 7 weibliche) Muskelgewebe extrahiert. Die Studie 2 implementierte 7 
T1DM (1 männlicher und 6 weibliche) und 10 alters-, geschlechts- und BMI- 
vergleichbare Kontrollen (4 männliche und 6 weibliche). Die Bestimmung der normalen 
Glukosetoleranz erfolgte unter Anwendung eines standardisierten OGTT. Die NGT 
wurde definiert bei einem Nüchtern-BZ <6mmol/l und nach 120min bei <7,8mmol/l 
nach oraler Applikation von 75g Glukose. Der T2DM wurde definiert bei einem 
Nüchtern-BZ >7,0mmol/l und nach 120min im OGTT mit >11,1mmol/l. Die 
morphologische Charakterisierung der Probanden erfolgte durch die Bestimmung des 
BMI, WHR und der Fettmasse. Die Fettmasse wurde im DEXA-Scan ermittelt. Durch 
einen euglykämisch-hyperinsulinämischen Clamp-Test konnte die Insulinsensitivität 
abgeschätzt werden. Zur Darstellung der maximalen Sauerstoffaufnahme unterzogen 
sich alle Probanden einer Fahrradspiroergometrie bis zur maximalen körperlichen 
Erschöpfung. 
Die Extraktion des Muskelgewebes erfolgte standardisiert zwischen 8 und 10 Uhr 
morgens, frühestens 3 Tage nach einer körperlichen Belastung. Die Patienten wurden 
aufgefordert 14 Stunden vor Gewebeentnahme keine Nahrung aufzunehmen. Zur 
Bestimmung der Enzymaktivität im Homogenat und im histologischen Präparat wurden 
die Muskelbiopsien getrennt im flüssigen Stickstoff aufbewahrt. Die quantitative 
Bestimmung der Proteinanreicherung erfolgte durch Western Blot Technik. Die zyto 
fotometrischen Untersuchung diente die Bestimmung der glykolytischen und 
oxidativen Enzymaktivität in Abhängigkeit der Fasercharakteristik. Weiterführend 
wurde in Studie 2 die NOS 1-3 Expression im Homogenat mittels Western Blot und 
immunhistochemisch ermittelt. 
 
1.3  Ergebnisse 
1.3.1 Bestimmung der Faserzusammensetzung und der metabolischen 
Enzymaktivität des M. vastus lateralis bei Typ 2 Diabetes mellitus 
 
Eine Vielzahl von Autoren berichten, dass im Skelettmuskel des T2DM die glykolytische 
Aktivität erhöht, und die oxidative Aktivität reduziert ist (16, 23, 1, 22). Diese 
metabolischen und epigenetischen Adaptationsmechanismen basieren auf der 
Änderung der Faserzusammensetzung und dem faserspezifischen Metabolismus (17). 
Sowohl Alterungsprozesse als auch körperliche Inaktivität forcieren die Entwicklung 
eines T2DM und reduzieren die oxidative Enzymkapazität der Skelettmuskulatur. 
Patienten mit Metabolischen Syndrom zeigen schon in Abhängigkeit von Übergewicht 
eine, unabhängig vom Fasertyp, reduzierte oxidative Enzymkapazität (7). Mit 
zunehmender Insulinresistenz steigt das Verhältnis von glykolytischer zu oxidativer 
Enzymaktivität (23). Ein Erklärungsansatz für die verminderte oxidative Enzymaktivität 
ergibt sich aus dem Rückgang der Typ I Fasern (8,  24) und einem Anstieg der FG-
Fasern bei bestehendem T2DM (17). Diese Ergebnisse lassen vermuten, dass die 
veränderte Zusammensetzung der Fasertypen einen wesentlichen Anteil an der 
relativen Steigerung der glykolytischen Aktivität hat.  
 SO-Fasern haben eine hohe oxidative Enzymkapazität und gestatten einen 
ausdauernden Stoffwechsel. Dementgegen weisen die FOG-Fasern ihre Dominanz in 
der glykolytischen Enzymkapazität auf. He et al. (2001) belegt eine gesteigerte 
Insulinsensitivität in den SO-Fasern im Vergleich zu den FOG-Fasern (7). Unter 
Berücksichtigung dieser Zusammenhänge wird die klinische Relevanz  einer 
Verminderung der SO-Fasern in der Muskulatur des T2DM deutlich (17). 
Die Autoren um He et al. (2001) fanden jedoch in einem Vergleichskollektiv von 
Schlanken, Übergewichtigen und T2DM Patienten keinen Hinweis auf statistisch 
relevante Unterschiede in der Faserzusammensetzung (7).  
 
Da die direkte Bestimmung der Enzymaktivität im Muskelhomogenat im besonderen 
Maß von der Faserzusammensetzung abhängt, führt eine faserspezifische Messung der 
oxidativen (SDH) und der glykolytischen (GPDH) Aktivität zu einer detaillierteren 
Charakterisierung des Adaptationsmechanismus bei  T2DM (17). Im Gegensatz zu den 
Resultaten von He et al. (2001) (7) zeigen die vorliegenden Studien einen signifikanten 
Anstieg der oxidativen und glykolytischen Enzymaktivität in den FG-Fasern des T2DM 
(17, 4). He et al. (2001) ermittelten einen Anstieg des Quotienten aus glykolytische zu 
oxidativer Enzymaktivität. Diese Ergebnisse konnten durch die Daten der eigenen 
Untersuchung nicht gestützt werden (17). Eine mögliche Erklärung der divergenten 
Resultate beruht auf der unterschiedlichen Klassifizierung der Fasertypen. He et al. 
(2001) nutzten die ATPase basierende Klassifizierung (27).  
Die vorliegende Untersuchung nutzt die indirekte Bestimmung der SDH- und GAPDH-
Aktivität via Zytophotometer zur metabolischen Charakterisierung der Fasertypen. 
Insbesondere die SDH-Aktivität lässt keinen sicheren Schluss auf die jeweilige ATPase 
Aktivität der Fasern zu (26). Somit sind die eigenen Ergebnisse nur eingeschränkt mit 
den Resultaten der Literatur vergleichbar. Auch eine abweichende 
Patientencharakteristik bezogen auf das Alter, die Dauer des bestehenden T2DM und 
unterschiedliche antidiabetische Medikationen können die Vergleichbarkeit wesentlich 
beeinflussen. Obwohl die vorliegende Untersuchung in den Muskelfasern der T2DM 
Patienten einen Anstieg der oxidativen Enzymaktivität ermittelt, weist die Analyse des 
Muskelhomogenats eine Reduktion der oxidativen Kapazität auf. Ursächlich für diesen 
Effekt ist vorrangig die Faserverteilung zu Gunsten der glykolytischen Muskelfasern 
und nicht eine reale Verminderung der oxidativen Enzymaktivität einzelner 
Muskelfasern (17).  
 
1.3.2 Zusammenhang zwischen den Parametern der Hyperglykämie und der 
Insulinresistenz mit der faserspezifischen Stoffwechselaktivität des M. vastus 
lateralis bei Typ 2 Diabetes mellitus 
 
Durch zytofotometrische Bestimmung der ATPase Aktivität ist es möglich die 
Muskelkontraktilität näher zu charakterisieren (28). Sowohl die Typ I- als auch die 
Typ II- Muskelfasern weisen eine verminderte Kontraktilität im diabetischen 
Skelettmuskel auf. Insbesondere die Determinanten der Hyperglykämie und der 
Insulinresistenz belegen einen negativen Zusammenhang mit der Muskelkontraktilität 
in Patienten mit T2DM. Weiterführende Betrachtungen konnten einen signifikanten 
Zusammenhang zwischen der SDH-Aktivität in den SO-Fasern, FOG I- und FOG II- 
Fasern mit dem HbA1c und der GIR als Parameter der Insulinresistenz aufdecken. Diese 
Adaptation der Skelettmuskulatur könnte ein kompensatorischer Mechanismus  an 
den Glukosestoffwechsels und die  Insulinresistenz bei bestehenden T2DM darstellen 
(17). 
 
Sowohl chronische Hyperglykämie als auch Insulinresistenz beeinflussen die 
glykolytische und oxidative Enzymaktivität der Muskulatur (17, 13, 4). Crowther et al. 
(2003) beschreibt einen gleichartigen Anpassungsmechanismus der Skelettmuskulatur 
nicht nur im T1DM mit chronischer Hyperglykämie, sondern auch bei bestehenden 
T2DM mit peripherer Insulinresistenz (2). Es ist jedoch schwierig, die Wirkungen einer 
erhöhten Plasmaglukose-Konzentration von einer verminderten Insulin-
Empfindlichkeit auf die Faser-Typ-Verteilung und die faserspezifische Enzym-Aktivität 
in T2DM Patienten sowohl mit der chronischen Hyperglykämie als auch mit 
Insulinresistenz  abzugrenzen. Um den Einfluss der chronischen Hyperglykämie bei 
bestehender Insulinsensitivität auf die muskuläre Faserverteilung und der 
Enzymaktivität zu prüfen, wurden Patienten mit T1DM und chronischer Hyperglykämie 
untersucht. 
 Es zeigte sich kein Zusammenhang  zwischen der glykolytischen und oxidative Enzym-
Aktivität im Muskel bei  T1DM und der Insulinsensitivität (4). Im Gegensatz hierzu 
stehen metabolische Veränderungen im Skelettmuskel von Patienten mit T2DM 
statistisch relevant im Zusammenhang mit der Insulinresistenz (17). Die spezifischen 
metabolischen Anpassungsmechanismen in der Muskulatur von T1DM identifizieren 
die chronische Hyperglykämie als ein kausaler Faktor für eine erhöhte glykolytische 
Enzymaktivität (4).  
 
 
1.3.3  Die Stickstoffoxid-Synthase-Aktivität der Skelettmuskelfasern des Typ 2 
Diabetes mellitus 
Eine Änderung des Metabolismus von Patienten mit chronischer Hyperglykämie 
(T1DM) offenbart sich auch in einer Abweichung der NOS-Aktivität im Skelettmuskel 
(4). Die NOS katalysiert die Synthese von Stickstoffoxid (NO) und ist ein Modulator des 
oxidativen Metabolismus im Skelettmuskels (6) sowie der Regulierung der 
Glukoseaufnahme in die Muskelzelle (14). Ein kausaler Zusammenhang zwischen der 
NOS Expression und der Glukoseaufnahme in den Skelettmuskel konnte lediglich im 
Rattenmodell gezeigt werden (19). In der Literatur finden sich keine Hinweise auf eine 
muskelfaserspezifische Anpassung der NOS-Expression von Patienten mit T2DM. 
Eigene Untersuchungen verdeutlichen keinen Unterschied im Expressionsmuster der 
NOS 1-3 zwischen den Patienten mit T2DM und einem gesunden Probandenkollektiv 
(4).  Die Abnahme um 13.5 Prozent der NOS-positiven FOG-Fasern im T1DM-Muskel 
scheint der vorherrschende Grund zu verminderter NOS Proteinkonzentration im 
T1DM Skelettmuskel zu sein. Außerdem könnte der Mangel an C-Peptide in T1DM zur 
verminderten NOS Expression beitragen. Johansson et al. (2003) verdeutlichen den 
Einfluss des C-Peptides auf den Blutfluss via NOS abhängigen Mechanismus (10).  
 
1.4 Schlussfolgerungen 
Patienten mit Metabolischen Syndrom zeigen schon in Abhängigkeit von Übergewicht 
eine, unabhängig vom Fasertyp, reduzierte oxidative Enzymkapazität (7). Mit 
zunehmender Insulinresistenz steigt das Verhältnis von glykolytischer zu oxidativer 
Enzymaktivität (23). Die Untersuchungen belegen, dass die Muskelfaserverteilung und 
die Enzym-Aktivität einer Langzeit- BZ-Homöostase unterliegen. Zusammenfassend 
zeigt sich, dass die Adaptation der Skelettmuskulatur des T2DM spezifisch durch die 
chronische Hyperglykämie und die Insulinresistenz im Sinne eines kompensatorischen 
Mechanismus ausgelöst wird. Die chronische Hyperglykämie im Modell des T1DM ist 
nicht der vorherrschende kausale Faktor für Änderung der NOS 1-3 Expression im 
Skelettmuskel. Die Abnahme (13,5 Prozent) der NOS-positiven FOG-Fasern im T1DM-
Muskel scheint der vorherrschende Grund zu verminderter NOS Protein-Konzentration 
im T1DM bei bestehender Hyperglykämie zu sein. 
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2 Publikationen 
Im Rahmen der vorliegenden Arbeit wurden 2 wissenschaftliche Artikel zur 
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Publikation „Altered Fiber Distribution and Fiber-Specific Glycolytic and Oxidative 
Enzyme Activity in Skeletal Muscle of Patients With Type 2 Diabetes“ erarbeitet 
(Kapitel 2.2 und 2.3).  
Der Vergleich der Enzymaktivität und Muskelfaserverteilung zwischen T1DM als 
Modell der chronischen Hyperglykämie und T2DM sowie die Analyse der NOS-Aktivität 
erfolgt in der Publikation „Metabolic Profile and Nitric Oxide Synthase Expression of 
Skeletal Muscle Fibers are Altered in Patients with Type 1 Diabetes „ (Kapitel 2.4) 
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OBJECTIVE— We investigated whether alterations of glycolytic and oxidative enzyme ca-
pacity in skeletal muscle of patients with type 2 diabetes pertain to specific muscle fibers and are
associated with changes in muscle fiber composition.
RESEARCH DESIGN AND METHODS— Vastus lateralis muscle was obtained by
percutaneous biopsy from 10 patients with type 2 diabetes and 15 age- and BMI-matched healthy
volunteers. Using cytophotometry, muscle fiber composition and fiber type–specific glycolytic
and oxidative enzyme activities were measured in slow oxidative, fast oxidative glycolytic, and
fast glycolytic fibers.
RESULTS— In the whole muscle, oxidative activity was decreased in patients with type 2
diabetes. The slow oxidative fiber fraction was reduced by 16%, whereas the fast glycolytic fiber
fraction was increased by 49% in skeletal muscle from the diabetic patients. Both oxidative and
glycolytic enzyme activities were significantly increased in fast glycolytic and fast oxidative
glycolytic fibers of type 2 diabetic patients. However, the fiber-specific ratio of glycolytic enzyme
activity relative to oxidative activity was not different between type 2 diabetic patients and the
control subjects. The myofibrillic ATP activity was significantly lower in all fiber types of patients
with type 2 diabetes and correlates with glucose infusion rate during the steady state of a
euglycemic-hyperinsulinemic clamp and maximal aerobic capacity and negatively with HbA1c
values.
CONCLUSIONS— Reduced oxidative enzyme activity in muscle of type 2 diabetic patients
is most likely due to a reduction in slow oxidative fibers. Increased glycolytic and oxidative
enzyme activities in individual muscle fibers are closely related to measures of long-term glyce-
mic control and whole-body insulin sensitivity and could therefore represent a compensatory
mechanism of the muscle in function of the altered glucose metabolism.
Diabetes Care 29:895–900, 2006
T ype 2 diabetes is characterized bysevere insulin resistance of skeletalmuscle associated with an impaired
insulin-stimulated glucose disposal rate
(1,2). Insulin resistance correlates with
skeletal muscle fiber type distribution (3),
a reduced percentage of slow oxidative
type I fibers (4), and reduced oxidative
enzyme capacity (5–7). Aging and physi-
cal inactivity, which are both associated
with insulin resistance, also lead to dimin-
ished oxidative capacity of skeletal mus-
cle (6). Simoneau and Kelley (6) showed
that an increased ratio of glycolytic to ox-
idative enzymes contributes to insulin re-
sistance in skeletal muscle of patients with
type 2 diabetes. Interestingly, with single-
fiber analysis, no differences have been
found in the fiber type composition be-
tween lean, obese, and type 2 diabetic
subjects (7). In this study, significant dif-
ferences in oxidative but not in glycolytic
enzyme activity and in the glycolytic-to-
oxidative ratio were reported for the com-
parison of lean and obese subjects and
patients with type 2 diabetes (7). How-
ever, it is still not entirely understood
whether metabolic changes in skeletal
muscle of patients with type 2 diabetes are
related to chronic hyperglycemia and/or
decreased insulin sensitivity and whether
an increased glycolytic-to-oxidative ratio
is primarily due to a reduced number of
oxidative fibers or metabolic changes of
one or more fiber types or both. We there-
fore investigated whether alterations of
glycolytic and oxidative enzyme capacity
in skeletal muscle of patients with type 2
diabetes are associated with changes in
muscle fiber composition and pertain to
specific fiber types. We further asked
whether fiber composition and fiber
type–specific metabolic alterations in
skeletal muscle of type 2 diabetic patients
are correlated with parameters of hyper-
glycemia and insulin resistance as deter-
mined by euglycemic-hyperinsulinemic
clamps.
RESEARCH DESIGN AND
METHODS— Ten patients with type
2 diabetes (4 male and 6 female) and 15 (8
male and 7 female) age- and BMI-
matched subjects participated in the
study. Subjects with normal glucose tol-
erance were defined by fasting plasma
glucose 6.0 mmol/l and a 120-min
plasma glucose 7.8 mmol/l after a 75-g
oral glucose load (8). Patients with type 2
diabetes were defined by fasting plasma
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glucose 7.0 mmol/l and/or glucose
11.1 mmol/l on an oral glucose toler-
ance test (8). All subjects fulfilled the pre-
viously described inclusion criteria (9).
The study was approved by the ethics
committee of the University of Leipzig. All
subjects gave written informed consent
before participation in the study.
Measures of body fat content,
glucose metabolism, and insulin
sensitivity
BMI was calculated as weight in kilograms
divided by the square of height in meters.
Waist and hip circumferences were mea-
sured and waist-to-hip ratio was calcu-
lated. Percent body fat was measured by
dual X-ray absorptiometry. The oral glu-
cose tolerance test was performed accord-
ing to the criteria of the American
Diabetes Association (8). Insulin sensitiv-
ity was assessed with the euglycemic-
hyperinsulinemic clamp method (10) as
described previously (9).
Maximal exercise test
All subjects completed a graded bicycle
ergometer test to volitional exhaustion by
measuring maximal oxygen uptake with
an automated open-circuit gas analysis
system at baseline (Oxycon Alpha; Ja¨ger).
The highest oxygen uptake per minute
reached was defined as the maximal oxy-
gen uptake (VO2max).
Assays and muscle biopsies
Basal, fasting blood samples were taken
after an overnight fast to determine glu-
cose, insulin, HbA1c (A1C), and standard
laboratory parameters. Plasma concentra-
tions of insulin, C-peptide, free fatty ac-
ids, and leptin were measured as
described previously (9). Participants
were admitted into the study at 0900 after
14 h of fasting. They had been asked to
avoid vigorous exercise for at least 3 days
before the muscle biopsy. After adminis-
tration of local anesthesia, muscle biopsy
specimens were obtained from the mus-
culus vastus lateralis using a biopsy device
(2.1; SOMATEX, Teltow, Germany). Sam-
ples were powdered with talcum and frozen
immediately in liquid nitrogen. Muscle
samples paired for the type 2 diabetic and
normal glucose tolerant (NGT) groups were
mounted together on a cryostat chuck to
avoid differences in section thickness and
incubation conditions. Cryosections (10
m) were used for morphometric and im-
munohistochemical analysis.
Enzyme activity, histochemistry, and
cytophotometry
The remaining muscle samples after the
cryostat sections were taken were pooled
within the groups to obtain enough pro-
tein for biochemical measurements. The
frozen muscle samples were homoge-
nized in 50 mmol/l Tris-HCl buffer, pH
7.4, containing 1 mmol/l EDTA, 1 mmol/l
dithiothreitol, 100 g/ml phenylmethyl-
sulfonyl fluoride, 10 g/ml trypsin inhib-
itor, 2 g/ml aprotinin, and 10 g/ml
leupeptin, and the activities of succinate
dehydrogenase (SDH) and lactate dehydro-
genase (LDH) were measured. Activities of
SDH (EC 1.3.5.1) and mitochondrial glyc-
erol-3-phosphate dehydrogenase (GPDH)
(EC 1.1.99.5) and myofibrillic ATPase (EC
3.6.1.32) were measured as described
previously (11). Measurements were per-
formed with a computer-controlled mi-
croscope photometer (MPM 200; Carl
Zeiss, Oberkochen, Germany). The mean
absorbance of the final reaction product
of the respective enzyme reactions was
measured in defined fibers and was taken
as a measure of relative enzyme activity.
The correlation of absorbance of the final
reaction product with the respective en-
zyme activity was shown (12). Moreover,
the GPDH/SDH activity quotient was cal-
culated, characterizing each fiber type.
The cytophotometrical method was es-
tablished and described as a tool in met-
abolic fiber differentiation (11,12). In
each muscle section,30 fibers, contain-
ing all fiber types, were measured. Three
sections were analyzed per muscle and en-
zyme reaction. In this way, 6,755 fiber
cross sections per group of patients were
cytophotometrically measured.
Fiber typing
The methods of fiber typing have been
described previously (12). In brief, the
physiological metabolic fiber typing into
slow oxidative, fast oxidative glycolytic,
and fast glycolytic is based on cytophoto-
metrically quantified activities of myofi-
brillic ATPase (marker of contractile
activity), SDH (marker of oxidative activ-
ity), and GPDH (marker of glycolytic ac-
tivity) in serial cross sections of the same
fiber. These enzyme activities character-
ize the metabolic profile of muscle fibers.
By means of the GPDH/SDH activity quo-
tient, fast oxidative glycolytic fibers were
subdivided into type I fibers with moder-
ate SDH and moderate GPDH activity and
type II fibers with high SDH and moder-
ate or high GPDH activity. Counting of
fibers was performed with Imaging Sys-
tem KS 100 (Kontron, Eching, Germany).
Serial sections with GPDH, SDH, and al-
kaline ATPase activities were analyzed.
Statistical analyses
Data are shown as means  SD unless
stated otherwise. The following statistical
tests were used: paired Student’s t test and
Pearson’s simple correlation. Linear rela-
tionships were assessed by least-squares
regression analysis. Multivariate linear re-
lationships were assessed by a general lin-
ear model. Statistically analysis was
performed using SPSS Version 12.0 (Chi-
cago, IL). P  0.05 was considered to be
statistically significant.
RESULTS— Twenty-five individuals,
10 patients with type 2 diabetes and 15
age- and BMI-matched control subjects
with normal glucose toloerance, were
studied. Age, sex distribution, and an-
thropometric parameters were not signif-
icantly different between the groups
(Table 1). In parallel with the altered pa-
rameters of glucose metabolism and insu-
lin sensitivity, maximal aerobic capacity
Table 1—Anthropometric and metabolic parameters of the subjects
Parameter NGT Diabetes
n 15 10
Sex (male/female) 8/7 4/6
Age (years) 56.8  7.9 58.7  6.4
BMI (kg/m2) 31.4  3.2 32.1  3.4
Body fat content (%) 33.6  6.6 35.1  8.1
Waist-to-hip ratio 1.24  0.12 1.27  0.17
VO2max (ml  kg
1  min1) 23.5  2.7 17.4  3.8*
Fasting plasma glucose (mmol/l) 5.34  0.4 6.55  0.9*
A1C (%) 5.15  0.31 6.6  0.4*
Fasting plasma insulin (pmol/l) 91.9  42 157  51*
Glucose infusion rate, clamp (ml/min) 87.5  13 29  12*
Data are means  SD. *P  0.05 for NGT vs. type 2 diabetic subjects.
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(VO2max) was significantly lower in the
type 2 diabetic group (Table 1).
Glycolytic and oxidative enzyme
activities in the muscle homogenate
SDH and LDH activities were measured in
muscle homogenates to assess oxidative
(SDH) and glycolytic (LDH) activity in the
whole muscle sample. The same samples
were used for measurements of enzyme
activities in individual fibers. SDH activity
was diminished by 16.3% and LDH activ-
ity was increased by 47.5% in homoge-
nates from skeletal muscles of patients
with type 2 diabetes compared with con-
trol subjects.
Fiber type composition
Needle biopsy specimens of vastus latera-
lis muscle were analyzed for fiber type
composition. Two different characteriza-
tion systems were used to classify slow
oxidative, fast oxidative glycolytic, and
fast glycolytic fibers (Fig. 1). For subse-
quent analyses, we used the physiologi-
cal-metabolic classification of slow
oxidative, fast oxidative glycolytic (I 
II), and fast glycolytic fiber types. Vastus
lateralis muscle is a mixed muscle com-
posed of slow oxidative, fast oxidative gly-
Figure 1— Skeletal muscle fiber typing in serial sections of biopsies from the vastus lateralis muscle in a NGT healthy volunteer. A: Activity of
ATPase, ATPase after alkaline (ATPase 9.4) or acid preincubation (ATPase 4.55), GPDH, and SDH. As an example, 13 fibers were identified and
typed in each serial section: fibers 1–9 are fast fibers (type II), and fibers 10–13 are slow fibers (type I, slow oxidative [SO]). Subtypes: fibers 1–5
are type IIA (fast oxidative glycolytic [FOG] I or II) fast glycolytic (FG); fiber 6 is IIX (FG), 7–9 IIB (FG). B: Different skeletal muscle fiber type
distribution in the NGT and type 2 diabetic groups. *P  0.05 for NGT vs. type 2 diabetic subjects.
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colytic, and fast glycolytic fibers. In
patients with type 2 diabetes, the slow ox-
idative fiber fraction was reduced by 16%,
whereas the fast glycolytic fiber fraction
was increased by 49% (Fig. 1B).
Fiber type–related enzyme activities
In skeletal muscle from patients with type
2 diabetes, ATPase activity was signifi-
cantly reduced by 18.4% in type I and
9.2% in type II fibers (Fig. 2A). Increased
GPDH activity in fast glycolytic and fast
oxidative glycolytic fibers in skeletal mus-
cle from type 2 diabetic patients indicates
increased glycolytic activity, pertaining
specifically to fast fibers (Fig. 2B). There
were significant correlations of GPDH ac-
tivity with A1C values (r2  0.1, P 
0.05) and glucose infusion rate during the
steady state of euglycemic-hyperinsuline-
mic clamps (r2  0.1, P  0.05). SDH
activity, as a measure of oxidative capac-
ity, was significantly increased in all fiber
types in the type 2 diabetic group com-
pared with the control group (Fig. 2C). In
addition, SDH activity was significantly
correlated with A1C values (r2 0.2, P
0.001) and glucose infusion rate during
the steady state of euglycemic-hyperinsu-
linemic clamps (r2 0.15, P 0.01). The
fiber-specific glycolytic-to-oxidative ratio
was determined by the ratio of the GPDH
to SDH activity. In all fiber types, there
was no significant difference in the
GPDH-to-SDH ratio between the type 2
diabetic and NGT groups (Fig. 2D).
Correlation of contractility with
measures of glucose metabolism and
insulin sensitivity
Using ATPase activity as a marker for con-
tractility, we investigated whether
chronic hyperglycemia and insulin resis-
tance in patients with type 2 diabetes is
associated with alterations in contractil-
ity. We found a significantly negative cor-
relation between A1C values and ATPase
activity in type I fibers (Fig. 3A) and type
II fibers (r2  0.19, P  0.01). In addi-
tion, ATPase activity in type I fibers sig-
nificantly correlates with glucose infusion
rate during the steady state of euglycemic-
hyperinsulinemic clamps (Fig. 3B) and
the maximal aerobic capacity (VO2max)
(Fig. 3C). Similar results were obtained
for the relationships between ATPase ac-
tivity in type II fibers and insulin sensitiv-
ity and VO2max.
Multivariate linear regression analysis
of percent body fat, A1C values, and glu-
cose infusion rate during the steady state
of the euglycemic-hyperinsulinemic
clamp as predictors for ATPase activity in
type I fibers revealed A1C values and glu-
cose infusion rate during the clamp as sig-
nificant determinants of ATPase activity.
CONCLUSIONS— In the present
study, we extend previous findings that
glycolytic capacity is higher and oxidative
capacity is reduced in skeletal muscle of
patients with type 2 diabetes (5,6,13,14)
by demonstrating that metabolic alter-
ations in skeletal muscle of type 2 diabetic
patients are a consequence of both
changes in fiber composition and in fiber-
specific metabolism. Moreover, chronic
hyperglycemia and insulin resistance
were identified as significant determi-
nants of diminished contractility of skel-
etal muscle in type 2 diabetes.
Human skeletal muscle consists of a
mixed fiber-type composition (15), and
therefore altered enzyme activity patterns
cannot be related to fiber-specific changes
when determined in muscle homoge-
nates. In accordance with our data from
muscle homogenates, reduced oxidative
enzyme activity and increased glycolytic-
to-oxidative enzyme activity has been a
consistent finding in skeletal muscle from
patients with type 2 diabetes (14,16). As a
potential explanation for the decreased
oxidative activity, a reduction in the pro-
portion of type I fibers has been suggested
(17,18). In accordance with these studies,
we found a significant reduction in the
proportion of slow oxidative fibers and a
significant increase in the proportion of
fast glycolytic fibers in muscle from type 2
diabetic patients. Thus, our results fur-
ther suggest that changes in fiber type
composition contribute to the increased
glycolytic capacity and reduced oxidative
capacity of skeletal muscles of type 2 dia-
betic patients. This is in contrast to the
results of He et al. (7), who could not find
significant differences in fiber composi-
tion between lean, obese, and type 2 dia-
betic subjects.
In addition to the altered composition
of skeletal muscle in type 2 diabetic pa-
tients, we detected significant changes in
fiber metabolism. The results of muscle
fiber analysis in our study are consistent
with previous studies on the fiber type–
specific enzyme activity pattern (7,15).
Surprisingly, we found a parallel signifi-
cant increase of oxidative (SDH) and gly-
colytic (GPDH) enzyme capacity in
different fibers from muscle of type 2 di-
abetic patients. This result is in contrast
Figure 2— Skeletal muscle fiber type–associated enzyme activities for ATPase (A), GPDH (B),
SDH (C), and ratio of GPDH to SDHactivities in healthy volunteers with normal glucose tolerance
(; n 15) and patients with type 2 diabetes (T2D;f; n 10) (D). *P 0.05 for NGT vs. type
2 diabetic subjects. AU, arbitrary units; FG, fast glycolytic; FOG, fast oxidative glycolytic; SO,
slow oxidative.
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with a previous study showing decreased
oxidative and unchanged glycolytic en-
zyme activity, subsequently leading to an
increased glycolytic-to-oxidative ratio in
patients with type 2 diabetes (7). In our
study, the glycolytic-to-oxidative ratio
was not significantly different between
the NGT and type 2 diabetic subjects.
One potential explanation for the diver-
gent results could be the different fiber
classification system. The results of He et
al. (7) are based on the ATPase classifica-
tion system. Because of overlapping SDH
activities of the ATPase fiber types, these
results are difficult to compare with our
metabolic fiber characterization. More-
over, the contradictory results could be
due to different characteristics of the pa-
tients with type 2 diabetes in this study. In
particular, differences in the antidiabetic
treatment, age, degree of chronic hyper-
glycemia, and duration of diabetes or con-
comitant diseases could explain the
different results in our and the previous
study (7). Therefore, the role of these po-
tentially confounding factors of the glyco-
lytic-to-oxidative ratio in patients with
type 2 diabetes needs to be further inves-
tigated in more detail. Despite the in-
creased oxidative capacity in individual
muscle fibers, we observed, in accordance
with previous studies (5,14,16), dimin-
ished oxidative enzyme activity in muscle
homogenates of type 2 diabetic patients.
Therefore, in our type 2 diabetic patients,
a reduction in oxidative enzyme activity
in the whole muscle is most likely due to
the decreased percentage of oxidative fi-
bers and is not caused by changes in the
enzyme activity of individual fibers. How-
ever, the mechanisms for the reduced ox-
idative enzyme activity and the reduction
in slow oxidative fibers in patients with
type 2 diabetes need to be more clearly
defined. One potential explanation for the
reduced oxidative enzyme activity could
be a disturbed balance between muscle
lipid content and enzymatic capacity for
substrate oxidation in subjects with type 2
diabetes. Muscle fibers from type 2 dia-
betic subjects were found to contain more
intramyocyte triglycerides (2,5,16). In
contrast to the consistent ratio of muscle
triglycerides to oxidative enzyme activity
in lean subjects, this proportionality is
substantially different in obese subjects
with type 2 diabetes, suggesting that a pu-
tative regulatory mechanism between
muscle lipid content and substrate oxida-
tion is impaired in muscle of patients with
type 2 diabetes (7).
However, until now it has not been
known whether alterations in oxidative
and glycolytic enzyme activity in skeletal
muscle of patients with type 2 diabetes are
related to metabolic alterations including
chronic hyperglycemia and insulin sensi-
tivity. We found a significant correlation
between SDH activity of slow oxidative,
fast oxidative glycolytic II and I fibers, and
A1C values and the degree of insulin sen-
sitivity. We therefore postulate that al-
tered enzyme activity is a compensatory
mechanism of the diabetic muscle in re-
sponse to altered glucose metabolism
and/or insulin resistance. Slow oxidative
fibers are characterized by high oxidative
metabolism and mediate the endurance
capacity of skeletal muscle, whereas the
fast oxidative glycolytic fibers have higher
glycolytic enzyme activity. It has been
suggested that slow oxidative fibers are
more insulin sensitive than fast oxidative
glycolytic fibers (7). These differences in
insulin sensitivity between slow oxidative
and fast oxidative glycolytic fibers dem-
Figure 3— Correlation of ATPase activity in type I fibers with (A) A1C values, (B) glucose
infusion rate (GIR) during the steady state of a euglycemic-hyperinsulinemic clamp and (C)
VO2max.
Oberbach and Associates
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onstrate the clinical importance of re-
duced slow oxidative fibers in patients
with type 2 diabetes found in our study.
Thus, a reduced proportion of slow oxi-
dative fibers could at least contribute to
insulin resistance in patients with type 2
diabetes. However, further studies are re-
quired to dissect whether changes in fi-
ber-specific enzyme activity are primarily
caused by hyperglycemia or decreased in-
sulin sensitivity.
We demonstrate reduced ATPase ac-
tivity, a marker of reduced contractility
(19), in both type I and type II fibers of
diabetic skeletal muscle. Moroever,
ATPase activity significantly correlates
with the degree of insulin sensitivity and
the individual fitness level as measured by
the maximal aerobic capacity (VO2max).
The negative correlation between ATPase
activity and A1C values further indicates a
close relationship between altered en-
zyme activity in skeletal muscle of type 2
diabetes patients and long-term glycemic
control.
In summary, our results suggest that
decreased oxidative enzyme activity in
skeletal muscle of patients with type 2 di-
abetes could be due to a reduced propor-
tion of slow oxidative fibers rather than to
diminished oxidative activity in individ-
ual fibers. Increased glycolytic and oxida-
tive enzyme activities in individual
muscle fibers are closely related to mea-
sures of long-term glycemic control and
whole-body insulin sensitivity and could
therefore represent a compensatory
mechanism of the muscle in the function
of the altered glucose metabolism.
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 Metabolic Profi le and Nitric Oxide Synthase Expression 
of Skeletal Muscle Fibers are Altered in Patients with 
Type 1 Diabetes 
with reduced oxidative enzyme capacity ( He 
et al., 2001 ,  Lithell et al., 1981 ,  Simoneau and Kel-
ley, 1997 ). We have recently demonstrated that 
increased glycolytic and oxidative enzyme activi-
ties in individual muscle fi bers of patients with 
type 2 diabetes (T2D) are closely related to mea-
sures of long-term glycemic control and whole-
body insulin sensitivity ( Oberbach et al., 2006 ). 
Such alterations in skeletal muscle metabolism 
could represent an adaptive mechanism com-
pensating the altered glucose metabolism. More-
over, an increased ratio of glycolytic to oxidative 
enzymes was shown to contribute to insulin 
resistance in skeletal muscles of patients with 
type 2 diabetes ( Simoneau and Kelley, 1997 ). 
Independently of fi ber type, signifi cantly lower 
oxidative enzyme activity has been reported for 
subjects with obesity and / or type 2 diabetes as 
compared to lean controls ( He et al., 2001 ). 
Changes in metabolism of muscles from diabetic 
patients may be refl ected by changes in nitric 
oxide synthase (NOS) expression. NOS catalyzes 
the synthesis of nitric oxide (NO) which is known 
as a modulator of skeletal muscle function and is 
 Abbreviations 
 & 
 NOS  Nitric oxide synthase 
 GPDH  glycerol-3-phosphate dehydrogenase 
 SDH  succinate dehydrogenase 
 NGT  normal glucose tolerant 
 T1D  type 1 diabetes 
 T2D  type 2 diabetes 
 Introduction 
 & 
 Chronic hyperglycemia and insulin resistance 
correlate both with skeletal muscle fi ber type 
distribution ( Kelley and Mandarino 2000 ,  Lillioja 
et al., 1987 ) and the activity of glycolytic and oxi-
dative enzymes ( Oberbach et al., 2006 ,  Simoneau 
and Kelley, 1997 ). Moreover, impaired skeletal 
muscle mitochondria function is associated with 
type 2 diabetes ( Kelley et al., 2002 ) and insulin 
resistance in healthy offspring of patients with 
T2D ( Petersen et al., 2004 ). Insulin resistance fur-
ther correlates with a reduced percentage of slow 
oxidative type I fi bers ( Gaster et al., 2001 ) and 
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 Abstract 
 & 
 We investigate muscle fi ber composition, fi ber-
specifi c glycolytic and oxidative enzyme capac-
ity and nitric oxide synthase (NOS) expression 
in skeletal muscle of patients with type 1 diabe-
tes (T1D) compared to individuals with normal 
glucose tolerance (NGT). Vastus lateralis mus-
cle was obtained by percutaneous biopsy from 
7 T1D patients and 10 healthy controls with 
similar characteristics. Using cytophotometry, 
muscle fi ber composition and fi ber type – specifi c 
glycolytic and oxidative enzyme activities were 
measured in slow oxidative (SO), fast oxidative 
glycolytic (FOG) and fast glycolytic (FG) fi bers. In 
addition, NOS 1-3 protein expression was mea-
sured. The glycolytic fi ber fraction was 1.4 fold 
higher, whereas FOG and SO fi ber fractions were 
signifi cantly reduced by 13.5  % and 6.2  % in skele-
tal muscle from T1D patients. Glycolytic enzyme 
activities and fi ber-specifi c ratio of glycolytic 
relative to oxidative enzyme activity were sig-
nifi cantly higher in all fi ber types of T1D patients 
and correlated with HbA 1c . Expression of NOS1-3 
isoforms was reduced in skeletal muscle of T1D 
subjects. Increased glycolytic enzyme activity in 
muscle of T1D patients is most likely due to both 
a higher number of fast glycolytic fi bers and a 
shift towards increased glycolytic metabolism in 
all fi ber types. Alterations in muscle fi ber distri-
bution and enzyme activities seem to be due to 
impaired long-term glycemic control. 
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involved in oxidative metabolism ( Gath et al., 1996 ) and in the 
regulation of glucose uptake into the muscle cell ( Kobzik et al., 
1995 ). Up to now, studies about fi ber related changes in NOS 
expression of muscles from diabetic patients are missing. It was 
previously suggested that changes in glycolytic and oxidative 
fl uxes are similar in patients with T1D and T2D, suggesting a 
common muscle adaptation in response to hyperglycemia 
( Crowther et al., 2003 ). However, it is diffi cult to discriminate 
the effects of elevated plasma glucose concentrations from that 
of impaired insulin sensitivity on fi ber type distribution and 
fi ber-specifi c enzyme activity in T2D patients with both chronic 
hyperglycemia and insulin resistance. We therefore used vastus 
lateralis muscle bioposies from patients with type 1 diabetes 
with chronic hyperglycemia, but preserved insulin sensitivity as 
a model to test the hypothesis that hyperglycemia causes 
changes in metabolic profi le and fi ber distribution in human 
skeletal muscle independently of insulin resistance. We quanti-
fi ed muscle fi ber composition and fi ber-specifi c glycolytic and 
oxidative enzyme capacity as well as NOS protein expression in 
skeletal muscle from patients with T1D in comparison to healthy 
individuals with normal glucose tolerance (NGT) and similar 
characteristics. We further investigated whether alterations in 
fi ber composition, fi ber type – specifi c metabolism and NOS1-3 
expression in skeletal muscle of patients with type 1 diabetes 
are primarily related to hyperglycemia. 
 Research Design and Methods 
 & 
 Subjects and muscle biopsies 
 Muscle biopsies were obtained from 17 Caucasian men (n  =  5) 
and women (n  =  12), which have been divided into 10 subjects (4 
male and 6 female) with normal glucose tolerance (NGT) and 7 
patients (1 male and 6 female) with type 1 diabetes (T1D). The 
diagnosis of NGT was based on oral glucose tolerance tests 
(OGTT) following the ADA-criteria ( The Expert Committee, 
2000 ). Patients with malignant diseases or any acute or chronic 
infl ammatory disease as determined by a leucocyte count > 7  000 
Gpt / l, C-reactive protein (CrP) >5  mg / dl, or clinical signs of infec-
tion were excluded from the study. The study was approved by 
the ethics committee of the University of Leipzig. All subjects 
gave written informed consent before taking part in the study. 
Body mass index (BMI) was calculated as weight (in kilograms) 
divided by the square of height (in meters). Waist and hip cir-
cumferences were measured and waist-to-hip ratio (WHR) was 
calculated. Percentage body fat was measured by dual-energy 
X-ray absorptiometry (DEXA). All subjects completed a graded 
bicycle-ergometer test to volitional exhaustion and had maxi-
mal oxygen uptake measured with an automated open circuit 
gas analysis system at baseline. The highest oxygen uptake /
 minute reached was defi ned as the maximal oxygen uptake 
(VO 2 max). Participants were admitted into the study at 9 am 
after 14 hours of fasting. They had been asked to avoid vigorous 
exercise for at least 3 days before the muscle biopsy. After 
administration of local anesthesia, muscle biopsy specimens 
were obtained from the musculus vastus lateralis using a biopsy 
device (SOMATEX, Teltow, Germany). Muscle samples were 
powdered with talcum and immediately frozen in liquid nitro-
gen. The samples were divided into two parts. One of the pieces 
was used for Western blotting, the other was transferred into a 
cryostat 1800 (Reichert Jung, Vienna, Austria). 10   m thick cross 
sections were cut which were used for enzyme histochemical 
and immunohistochemical analysis. To avoid possible variations 
in section thickness and incubation conditions, samples of NGT 
and T1D were mounted together on a cryostat chuck. The 
remaining muscle samples after cryosectioning were removed 
from the cryostat chuck and used for biochemical measurements 
of enzyme activities. 
 Enzyme histochemistry and immunohistochemistry 
 For enzyme histochemistry, samples from 10 patients (fi ve per 
group) were included in the analyses. Activity of SDH (E.C. 
1.3.5.1) was assayed according to  Lojda et al. (1976) . In a modi-
fi ed way, the method of  Lojda et al. (1976) was used to demon-
strate the activity of mitochondrial GPDH (E.C. 1.1.99.5): the 
medium consisted of 0.1  M phosphate buffer, pH 7.4, 5  mM dl-3-
glycerophosphate (disodium salt), 0.01  % menadione and 0.5  mg /
 ml nitroblue tertazolium chloride (NBT). The incubation took 
20  min at 37  °  C. The myofi brillar ATPase activity (E.C. 3.6.1.32) 
was demonstrated at pH 9.4 and after acid and alkaline preincu-
bations at pH 4.35, 4.55 and 10.4, respectively ( Guth and Samaha, 
1970 ). Control reactions were performed on serial sections with 
incubation media devoid of the corresponding substrate. 
 Myosin heavy chain (MHC) isoforms 
 Mouse monoclonal antibodies (MABs) against slow and fast 
MHC isoforms were used following the guidelines recommended 
by the manufacturers (Novocastra Laboratories Ltd, Newcastle, 
UK). In brief, serial sections were incubated with the primary 
MABs 60  min at 37  °  C followed by incubation with rabbit-anti-
mouse secondary AB (Jackson Immuno Research Laboratories, 
Inc., USA) for 60  min at 37  °  C and mouse PAP-complex (Jackson 
Immuno Research Laboratories, Inc., USA) 60  min at room tem-
perature. The visualization was performed by incubation with 
3,3-diaminobenzidine. After dehydration, the sections were 
mounted in Entellan (Merck, Darmstadt, Germany). 
 Fiber typing and counting 
 Fibers were typed into slow and fast according to their slow or 
fast MHC-isoforms detected immunohistochemically as 
described above. According to the different acid and alkali sta-
bility of the ATPase activity of the MHC isoforms demonstrated 
with enzyme histochemistry, four fi ber types I, IIA, IIAX, IIX were 
differentiated. After acid preincubation at pH 4.25 and 4.55, 
respectively, type I fi bers showed strong ATPase activity, IIAX 
fi bers were weakly stained, IIX fi bers were moderate and IIA fi b-
ers were not stained. IIAX are hybrid fi bers, their staining inten-
sity was intermediate between that of IIA and IIX. After alkaline 
preincubation, type I fi bers showed weak, IIA, IIAX and IIX fi bers 
strong ATPase reaction. The physiological-metabolic fi ber typing 
into SO (slow oxidative), FOG (fast oxidative glycolytic) and FG 
(fast glycolytic) has been described previously ( Punkt, 2002 ), 
based on cytophotometrically determined activities of myofi -
brillar ATPase (marker of contractility), SDH (marker of oxida-
tive activity) and GPDH (marker of glycolytic activity) in serial 
cross sections of the same fi ber. SO fi bers showed high SDH and 
low GPDH activity, FG fi bers showed high GPDH and very low 
SDH activity. FOG fi bers were subdivided into FOG I (moderate 
SDH and moderate GPDH activity) and FOG II (high SDH and 
high GPDH activity). Finally, the GPDH / SDH activity quotient 
was calculated, characterizing each fi ber type. Counting of fi bers 
was performed with Imaging System KS 100 (Kontron Eching, 
Germany). 
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 Cytophotometry 
 End point measurements were performed with a computer-con-
trolled microscope photometer MPM 200 with a scanning table 
(Carl Zeiss, Oberkochen, Germany). To measure changes in the 
metabolic profi le and to type the fi bers metabolically, the mean 
absorbance of the fi nal reaction product of the respective 
enzyme reactions (ATPase, GPDH and SDH) was measured in 
serial sections and was taken as a measure of relative enzyme 
activity. The correlation of the absorbance of the fi nal reaction 
product with the respective enzyme activity was shown earlier 
( Punkt, 2002 ). The ratio of GPDH / SDH activity was used to deter-
mine the metabolic profi le. This cytophotometrical method is an 
established tool in metabolic fi ber typing ( Punkt, 2002 ). In each 
muscle section 30 fi bers containing all fi ber types were meas-
ured. At least three serial sections were analysed per muscle and 
enzyme reaction. The absorbance of the NOS-immunostained 
muscle fi bers of normal and diabetic muscles arranged together 
on the same glass slide were measured and differences in 
absorbance data between normal and diabetic muscle fi bers 
were taken as a measure of changes in NOS immunoreactivity in 
diabetic muscles. 
 Nitric oxide synthase (NOS) isoforms 
1, 2, 3  – Immunohistochemistry 
 Cryostat sections were fi xed in cold acetone for 15  min and thor-
oughly air dried for 30  min. After rinsing in PBS, nonspecifi c 
binding sites were blocked by incubation in PBS containing 10  % 
goat serum for 30  min. PBS was used for all rinses and dilutions. 
Cryostat sections were incubated overnight at 4  °  C with rabbit 
primary polyclonal AB recognizing NOS 1, NOS 2, NOS 3 (Trans-
duction Laboratories, Lexington, KY). Primary AB were diluted to 
a fi nal concentration of 1.0   g / ml. To quench endogeneous per-
oxidase activity, sections were treated with methanol contain-
ing 1.2  % H 2 O 2 for 15  min. Bound primary AB were detected by 
employing horse radish peroxidase-conjugated goat-anti-rabbit 
secondary AB which was followed by tyramide signal amplifi ca-
tion (TSA-kit, NEN, Cologne, Germany) and ABC technique using 
the Vectastain ABC-kit (Vector). The visualization was performed 
using Nova RED substrate kit for peroxidase (Vector).The reac-
tion was observed under the microscope and was stopped by 
rinsing with water after 4 – 10 minutes. Control incubations 
were: i) omission of primary AB; and ii) substitution of primary 
AB by rabbit IgG (Dianova, Hamburg, Germany) at the same fi nal 
concentration as the primary AB. 
 NOS isoforms (1, 2 and 3) -Western blot 
 Total protein of individual skeletal muscle biopsies harvested in 
PBS and sedimented by centrifugation was homogenized in 
10  mM Hepes (pH 7.5). Containing 0.2  mM phenylmethylsulfo-
nylfl uoride (PMSF) and 0.1  mM dithiothreitol (DTT) using an 
Ultra Turrax (IK, Staufen, Germany) at 30   000  rpm for 3x5  sec. 
The fi nal pellet was suspended in 0.75  ml 10  mM Hepes (pH 7.5), 
250  mM sucrose, 0.2  mM PMSF and 0.1  mM DTT and was stored 
at   −  80  °  C until use. 40   g protein samples solubilized in SDS 
sample buffer were separated by 7.5  % Laemmli-polyacrylamide 
gel electrophoresis. The electro transfer of the separated pro-
teins was performed onto polyvinylidenedifl uoride membranes 
(Boehringer, Mannheim, Germany). Primary anti-NOS antibod-
ies were diluted according to the manufacturer ’ s instructions 
(Transduction Laboratories, Lexington, KY). As positive controls 
for NOS 1-3 cerebellum, macrophage and endothelial lysates 
(Transduction Laboratories, Inc.) were used. The secondary anti-
body was peroxidase-labeled anti-rabbit IgG (Sigma, St. Louis 
MO, USA; dilution 1:15,000). The visualisation of the immuno-
reaction was performed by using an ECL-Kit (Amersham, Buck-
inghamshire, UK). 
 Statistical analyses 
 Data are shown as means  ±  SD unless stated otherwise. Differ-
ences between groups and fi ber types were assessed using the 
paired Student ’ s  t test. Statistical analysis was performed using 
SPSS version 12.0 (Chicago, IL).  P values  <  0.05 were considered 
to be statistically signifi cant the following designation was used: 
 * P  <  0.05,  * * P  <  0.01 and  * * * P  <  0.001. 
 Results 
 & 
 17 men (n  =  5) and women (n  =  12) have been divided into groups 
with normal glucose tolerance (NGT, n  =  10) and type 1 diabetes 
(T1D, n  =  7). Anthropometric and metabolic characteristics of 
subjects are summarized in  Table 1 . Subjects with NGT and T1D 
had similar characteristics for age, BMI, and fi tness level as 
determined in maximal exercise tests ( Table 1 ). 
 Fiber type composition 
 Needle biopsy specimens of vastus lateralis muscle were ana-
lyzed for fi ber type distribution. Fiber differentiation of skeletal 
muscle was similar in all individuals. As an example for the dif-
ferent fi ber type characterization systems, immunohistochemis-
try and enzyme histochemistry analysis for one representative 
patient with type 1 diabetes is shown (    Fig.  1a ). Serial sections 
with immunoreactivity of fast myosin, NOS 2, and with enzyme 
activities of ATPase, GPDH and SDH were analyzed to characterize 
skeletal muscle fi bers according to different classifi cation sys-
tems: physiological types slow and fast, ATPase-types I, IIA, IIX 
and physiological metabolic types slow-oxidative (SO), fast oxida-
tive-glycolytic I and II (FOG I, FOG II), and fast glycolytic (FG) 
(    Fig. 1 ). Vastus lateralis muscle is a mixed muscle consisting 
of all of these fi bre types. In this example, 13 fi bers were identi-
fi ed and cytophotometrically classifi ed (    Fig.  1b ). The subtypes 
IIA and IIX are metabolically heterogeneous (    Fig.  1b ). There-
fore, for subsequent analyses of fi ber type-related changes in the 
metabolic profi le and NOS 1-3 expression the defi ned fi ber types 
SO, FOG I, FOG II, and FG were used. In patients with type 1 dia-
betes the FG fi bre fraction was 1.4 fold increased (p  <  0.001), 
whereas both FOG and SO fi ber fractions were signifi cantly 
reduced by 13.5  % and 6.2  % as compared to skeletal muscle from 
normal glucose tolerant subjects (    Fig. 2 ). 
 Table 1  Anthropometric and metabolic characteristics of study participants 
 Parameter  NGT  T1D 
 male / female  4 / 6  1 / 6 
 age (years)  25.4  ±  2.2  24.9  ±  1.9 
 BMI (kg / m 2 )  23.1  ±  1.9  22.9  ±  2.0 
 body fat content (  % )  21.5  ±  2.6  20.7  ±  2.2 
 fi tness level, VO 2max (ml / kg / min)  25.5  ±  2.7  24.9  ±  3.8 
 glucose uptake, steady state clamp 
(  mol / kg / min) 
 98.1  ±  9  97.5  ±  11 
 fasting plasma glucose (mmol / l)  5.29  ±  0.5  6.48  ±  0.7  *  
 HbA1c (  % )  5.3  ±  0.3  6.2  ±  0.5  *  
 NGT, normal glucose tolerance, T1D, type 1 diabetes 
  *  p  <  0.05 for differences to NGT group 
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 Fiber type-related enzyme activities 
 In skeletal muscle from patients with type 1 diabetes, GPDH 
activity is signifi cantly increased by 17  % in FG and SO fi bers and 
by 28  % in FOG fi bers compared to NGT controls (    Fig.  3A ). 
Enhanced GPDH activity in all fi ber types indicates increased 
glycolytic capacity in skeletal muscle from type 1 diabetic 
patients. There were signifi cant correlations of GPDH activity 
with HbA 1C values (r 2  =  0.2, P  <  0.001) and fasting plasma glucose 
concentration (r  2   =  0.1, P  <  0.05). Subgroup analysis in the NGT 
group also revealed a signifi cant correlation between GPDH 
activity and HbA 1C values (r 2  =  0.12, P  <  0.05). SDH activity in all 
muscle fi bers was indistinguishable between patients with T1D 
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 Fig. 1  Skeletal muscle fi ber typing in serial sections of biopsies from the vastus lateralis muscle in a patient with type 1 diabetes. ( a ) Immunostaining with 
fast myosin heavy chain (FAST), NOS 2 and activity of ATPase, ATPase after acid (ATPase 4.3) or alkaline (ATPase 9.4) preincubation, GPDH, and SDH. As an 
example, 13 fi bers were identifi ed and typed in each serial section: fi bers 1 – 4 are slow fi bers (type I, slow oxidative [SO]), fi bers 5-13 are fast fi bers (type II). 
Subtypes of fast fi bres: 5,6,7  =  IIA  =  FOG I, 8  =  IIX  =  FOG II, 9 – 12  =  IIA  =  FOG II, 13  =  IIX  =  FG. Note the metabolic heterogeneity of IIA as well as IIX fi bers.  
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and NGT (    Fig.  3B ), suggesting normal oxidative activity of 
skeletal muscle in patients with T1D. The fi ber-specifi c glyco-
lytic-to-oxidative ratio was determined by the ratio of the GPDH 
to SDH activity. As a result of the signifi cant increase in glyco-
lytic capacity in all fi bers of T1D muscle, the GPDH / SDH ratio 
was signifi cantly higher in all fi bers of T1D than in NGT muscle 
(    Fig.  3C ). This change in fi bre-specifi c glycolytic-to-oxidative 
ratio demonstrates a shift towards glycolytic metabolism in all 
fi bre types of patients with T1D. ATPase activity in different fi ber 
types is not signifi cantly different between T1D and NGT sub-
jects (    Fig.  3D ). 
 NOS- expression of muscles in type 1 diabetes 
 Protein expression of NOS1-3 in skeletal muscle biopsies of NGT 
and T1D subjects were measured by Western blot (    Fig.  4A ). 
All three isoforms of NOS are signifi cantly reduced in 
muscle homogenate from T1D patients as compared to controls 
(    Fig.  4B – D ). We further sought to determine, whether these 
differences pertain to the NOS 1-3 expression in specifi c muscle 
fi bers. We demonstrate that FOG-fi bres are positively immunos-
tained for NOS 2 expression, whereas SO and FG fi bers hardly 
show any immunoreactivity (    Fig.  1A ). For NOS 1 and 3, the 
same fi ber type specifi c expression was detected as previously 
shown ( Punkt et al., 2007 ). Despite the signifi cant differences in 
net NOS1-3 protein expression, there was no difference in fi ber 
type specifi c NOS 1-3 expression between subjects with NGT 
and T1D. However, cytophotometrical assessment of NOS1-3 
immunoreactivity showed different NOS expression in FOG 
fi bres in NGT and T1D subjects. Patients with T1D have signifi -
cantly  ~ 15  % decreased expression of all NOS isoforms compared 
to NGT. 
 Discussion 
 & 
 In the present study, we demonstrate that glycolytic activity was 
increased and oxidative capacity was reduced in skeletal muscle 
of patients with type 1 diabetes. These metabolic changes have 
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already been reported for skeletal muscle from patients with type 
2 diabetes ( Bruce et al., 2003 ,  Lithell et al., 1981 ,  Oberbach et al., 
2006 ,  Simoneau et al., 1995 ,  Simoneau and Kelley, 1997 ). Our 
fi ndings support previous results showing that resting skeletal 
muscle of T1D patients has a greater reliance on glycolytic metab-
olism than muscle from healthy controls ( Crowther et al., 2003 ). 
 Crowther et al. (2003) fi rst reported differences in muscle ener-
getic properties in type 1 diabetes, which are consistent with the 
increased ratio of glycolytic to oxidative enzyme activity reported 
in obesity and type 2 diabetes. Together with our results, these 
data suggest a common mechanism in the dysregulation of skel-
etal metabolism in patients with diabetes. Both chronic hypergly-
cemia and insulin resistance correlate with the activity of 
glycolytic and oxidative enzymes ( Kelley and Mandarino, 2000 , 
 Oberbach et al., 2006 ,  Simoneau and Kelley, 1997 ,  Kelley et al., 
2002 ). However, it has been diffi cult to discriminate whether 
metabolic alterations in skeletal muscle from diabetes patients 
are primarily caused by hyperglycemia or by impaired insulin 
sensitivity. Our patients with type 1 diabetes, which have chroni-
cally elevated blood glucose concentrations, but normal periph-
eral insulin sensitivity, provide a model to dissect both causal 
factors from each other. Similar to our previous data in patients 
with type 2 diabetes ( Oberbach et al., 2006 ), increased glycolytic 
capacity in skeletal muscle from T1D patients correlates with 
measures of glucose metabolism, including fasting plasma glu-
cose and HbA 1c . We did not fi nd any signifi cant relationship 
between glycolytic to oxidative enzyme activity in T1D muscle 
and insulin sensitivity as determined by euglycemic-hyperin-
sulinemic clamps. In contrast, metabolic alterations in skeletal 
muscle from patients with T2D are signifi cantly related to insulin 
resistance ( Oberbach et al., 2006 ). Therefore our data suggest 
chronic hyperglycemia as primary causal factor for elevated glyc-
olytic enzyme activity in T1D muscle. The T1D and NGT groups 
are not matched for gender distribution. However, it was recently 
shown in 91 young men and women that variation in gender may 
infl uence morphological characteristics of skeletal muscle only to 
a minor degree ( Toft et al., 2003 ). Although men have larger mus-
cle fi bers than women, no gender differences have been found in 
fi ber composition, fi ber roundness, percentage of connective tis-
sue, or capillary density ( Toft et al., 2003 ). 
 Human skeletal muscle consists of a mixed fi ber-type composi-
tion ( Simoneau and Bouchard, 1989 ), and therefore altered 
enzyme activity patterns cannot be related to fi ber-specifi c 
changes when determined in muscle homogenates. We and oth-
ers have recently demonstrated that changes in fi ber type compo-
sition contribute to the increased glycolytic capacity and reduced 
oxidative capacity of skeletal muscles of type 2 diabetic patients 
( Hickey et al., 1995 ,  Oberbach et al., 2006 ,  Simoneau et al., 1999 ). 
Noteworthy, another recent study could not fi nd signifi cant dif-
ferences in fi ber composition between lean, obese, and type 2 
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diabetic subjects ( He et al., 2001 ). The glycolytic fi ber fraction was 
signifi cantly increased, whereas both FOG and SO fi ber fractions 
were signifi cantly reduced in skeletal muscle from T1D patients, 
suggesting that the net increase in glycolytic activity in patients 
with T1D is at least in part due to increased number of fast glyco-
lytic fi bers. In addition, we found signifi cantly increased glyco-
lytic enzyme activity in all fi ber types of T1D muscle as compared 
to NGT controls, suggesting that higher glycolytic capacity in the 
entire T1D muscle is both a result of a fi ber type independent 
increase in glycolytic enzyme activity and an increased number of 
FG fi bres. The glycolytic enzyme activity in individual fi ber types 
is directly related to parameters of hyperglycemia. 
 In contrast to fi ndings in patients with T2D ( Oberbach et al., 
2006 ), there was no change in oxidative enzyme activity in all 
fi ber types. Subsequently, fi ber-specifi c ratio of glycolytic to oxi-
dative enzyme activity was higher in all fi ber types of T1D 
patients. There was no correlation between muscle and fi ber 
specifi c oxidative enzyme activity and measures of glucose 
metabolism in T1D. 
 ATPase activity is a marker of contractility (Van der  Laarse et al., 
1986 ), which signifi cantly correlates with the degree of insulin 
sensitivity and fi tness level ( Oberbach et al., 2006 ). In contrast to 
decreased ATPase activity in skeletal muscle of T2D patients 
( Oberbach et al., 2006 ), there was no difference in ATPase activ-
ity between T1D and NGT muscle, suggesting that contractility is 
not impaired in patients with T1D. 
 Expression of NOS 1-3 isoforms was  ~ 15  % reduced in skeletal 
muscle of T1D compared to NGT subjects. Using a powerful immu-
nohistochemical technique in combination with signal amplifi ca-
tion ( Buchwalow, 2001 ), we have previously shown marked NOS 
expression in FOG fi bers ( Punkt et al., 2007 ). Therefore, the 13.5  % 
reduction in the NOS-positive FOG fi bers in T1D muscle is most 
likely the predominant cause for decreased NOS protein concen-
tration in type 1 diabetic skeletal muscles. In addition the lack of 
C-peptide in T1D might contribute to decreased NOS expression, 
because recent data suggested that C-peptide enhances basal syn-
thesis of NO ( Johansson et al., 2003 ). We recently demonstrated 
increased NOS expression in skeletal muscle of diabetic rats, sug-
gesting that glucose uptake into muscle fi bres contributes to the 
regulation of NOS expression ( Punkt et al., 2002 ). 
 In conclusion, the increased glycolytic enzyme activity in mus-
cles of type 1 diabetes patients is most likely due to both a higher 
number of fast glycolytic fi bers and a shift towards increased 
glycolytic metabolism in all skeletal muscle fi ber types of 
patients with T1D. Adaptation of muscle fi ber distribution and 
enzyme activities seems to be due to an impaired long-term gly-
cemic control. 
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